The evolution of mating systems in leafroller moths involves differential regulation of a desaturase gene that produces distinct sex pheromones. In the genus Planotortrix, female P. octo predominantly emits (Z)-8-tetradecenyl acetate due to the expression of desat5 in their pheromone glands, whereas female P. excessana produces a blend of (Z)-5-and (Z)-7-tetradecenyl acetate and does not express desat5. In this study, F 1 females from interspecific crosses of these species and F 1 backcrosses to P. excessana expressed little, if any, desat5 in their pheromone glands, whereas F 1 backcrosses to P. octo and F 2 crosses displayed a range of expression levels of desat5, consistent with the action of a trans-acting repressor from P. excessana. Females expressing desat5 always produced (Z)-8-tetradecenyl acetate, and the presence of at least one P. octo-like allele of desat5 was required for the expression of desat5, suggesting a cis-regulatory factor from P. octo is necessary. Comparison of 1148 bp upstream of the desat5 open reading frame revealed 35 differences, including a 7-bp insertion in P. octo. We argue these data best fit a model of pheromone evolution that involves changes in a trans-acting repressor and a cis-regulatory mutation in an activator binding site within the desat5 promoter.
Introduction
How mating systems evolve is often seen as a dilemma, as such systems require coordinated changes to both the male and female components, driven by population forces that are not always immediately obvious (Phelan 1992; Löfstedt 1993) . Understanding the number and type of such molecular changes involved in this process may provide clues to resolve this quandary. Mating system evolution has been extensively studied within the Lepidoptera because of the use of wellcharacterized long-range sex attractants (sex pheromones) as the initial step in species-specific mate recognition (Linn and Roleofs 1995; Smadja and Butlin 2009 ) and the elucidation of many of the genes and pathways involved in the biosynthesis of sex pheromone components (Marsumoto 2010) .
The biosynthesis of Type I sex pheromones initially involves the addition of double bonds along the backbone of a fatty acid. Desaturation is followed by reduction and finally the addition of a functional group. Evolutionary changes at both the desaturation and reduction steps have been implicated in pheromone evolution in moths. In the genus Ostrinia, many types of molecular changes have been associated with sex pheromone evolution involving both these biosynthetic steps. In the European corn borer, O. nubilalis, allelic variation in a fatty-acyl reductase affects the ability of the enzyme to reduce the Z and E isomers of 11-tetradecanoate substrates, resulting in the production of distinct ratios of (Z)-and (E)-11-tetradecenyl acetate that are characteristic for the Z and E pheromone races (Lassance et al. 2010) . In the closely related species, O. furnicalis, a single amino acid polymorphism in a fatty-acyl reductase affects the ability of the enzyme to catalyze the reduction of (Z)-9-tetradecanoate and (Z)-12-tetradecanoate fatty acyl precursors, resulting in the production of a blend of alcohols similar to that observed in the Z race of O. nubilalis (Lassance et al. 2013 ). In O. nubilalis and O. furnacalis the reactivation of dormant ancestral desaturase genes has been uncovered Roelofs and Rooney 2003) , as well as the origin of a novel desaturase by gene fusion with a retroelement (Xue et al. 2007; Fujii et al. 2011) . In a further example, a regulatory difference between 2 desaturases has been associated with the production of different pheromone components used by the sibling species, O. furnacalis and O. scapulalis. A Δ11-and Δ14-desaturase show alternate expression in the pheromone glands of the 2 species, with the Δ11-desaturase expressed in the pheromone gland of O. scapulalis but not in O. furnacalis and vice versa for the Δ14-desaturase (Sakai et al. 2009 ).
Within the New Zealand endemic leafroller genera, Ctenopseustis (brown-headed leafroller) and Planotortrix (greenheaded leafroller), differential expression of a desaturase has also been implicated in pheromone evolution (Albre et al. 2012) . These genera contain a number of closely related species that are difficult to distinguish morphologically and using mitochondrial molecular markers but are clearly differentiated in their sex pheromone chemistry and do not interbreed in the wild (Dugdale 1990; Foster et al. 1991; Newcomb and Gleeson 1998; Langhoff et al. 2009; Lambert 1994, 1995) . Female C. obliquana produces a blend of (Z)-8-tetradecenyl acetate (Z8-14:OAc) and (Z)-5-tetradecenyl acetate (Z5-14:OAc) in a ratio of approximately 80:20, whereas female C. herana produces only Z5-14:OAc (Foster and Roelofs 1987) . Interspecific F 1 females produce a sex pheromone similar to that of C. obliquana, whereas females from F 1 backcrosses and F 2 crosses produce complex segregating patterns of blends, suggesting that more than one gene likely underpins the pheromone differences between these 2 species (Foster et al. 1997) . One of these differences is in the regulation of a Δ10-desaturase presumably responsible for the production of Z8-14:OAc in C. obliquana. The desat5 gene that encodes the Δ10-desaturase is highly expressed in the pheromone glands of C. obliquana but virtually undetectable in the pheromone glands of C. herana (Albre et al. 2012) .
A similar story has emerged for P. octo and P. excessana, sibling species within the Planotortrix genus, which is sister to Ctenopseustis. Planotortrix octo emits a sex pheromone consisting almost exclusively of Z8-14:OAc, whereas P. excessana produces a blend of Z5-14:OAc and (Z)-7-tetradecenyl acetate (Z7-14:OAc) (Foster et al. 1990; Galbreath et al. 1985) . The Z8-14:OAc component used by P. octo is produced by Δ10-desaturation of hexadecenoate followed by chain shortening (Foster and Roelofs 1988) , whereas the Z5-14:OAc and Z7-14:OAc produced by P. excessana are synthesized via Δ9-desaturation of octodecenaote and hexadecenoate, respectively, followed by rounds of chain shortening (Foster 1998) . The 2 Δ9-desaturases and Δ10-desaturase responsible for these activities have been isolated from P. octo and P. excessana and characterized by recombinant expression in yeast Albre et al. 2012) . Again in these species the difference in production of Z8-14:OAc in the pheromone gland of the 2 species is related to the expression of the desat5 gene encoding the Δ10-desaturase, with high levels of expression of desat5 in the pheromone glands of P. octo and virtually none detected in the glands of P. excessana (Albre et al. 2012 ).
Here we investigate the likely changes underpinning the differential regulation of desat5 between P. octo and P. excessana and the production of Z8-14:OAc by investigating the progeny of interspecific crosses, as well as F 1 backcrosses and F 2 crosses between these 2 species.
Materials and Methods

Insects
Planotortrix excessana and P. octo were obtained from the insectrearing facility of Plant & Food Research at the Mt Albert Research Centre, Auckland, New Zealand. The P. octo culture originated from material collected in Canterbury in 1982, whereas the P. excessana culture was derived from Dunedin in 1998. As both cultures have been continuously maintained since collection, with no material added, the strains are highly inbred. Insects were reared individually on a general-purpose diet (Singh 1983 ) under a 16:8 light cycle at 20 °C.
Crosses
All crosses were conducted in small clear plastic containers, either with or without removable polyethylene strips for egg laying. To prevent females from laying eggs on the bottom of the containers, the base was covered with vermiculite. Adults were fed on a 10% sugar solution soaked onto a cotton wick. Containers were kept in plastic bags to prevent drying out and were maintained at 18 ± 1 °C under a 16:8 light cycle. Crosses were established between 1 female and 3 males to improve the likelihood of successful matings. For each backcross, 10 families were established. Eggs laid on strips or container walls were collected after 10 days and kept in a humid environment until the larvae hatched. Larvae were reared separately in small glass tubes containing general-purpose diet. After 3 weeks, pupae were collected, sorted by sex, and stored in separate containers until emergence. Parents were collected in individual 1.5-ml plastic tubes and stored at −20 °C.
Chemical Analysis
Gas chromatography (GC) analyses were also performed on single pheromone glands from 2-to 3-day-old females. Pheromone glands were extracted in 5 μL of hexane for 5 min. Eighty nanograms of (E)-11-tetradecenyl acetate (E11-14:OAc) was added to the hexane as an internal standard. Two microliters of the resulting extract was then injected into an Agilent 6890 Series gas chromatograph, using a splitless injection set to 175 °C with a detector temperature of 300 °C. Sex pheromone components were separated on a Hewlett Packard INNOWax polyethylene glycol capillary column (30 m × 250 μm × 0.25 μm) using helium as a carrier gas, with an inlet pressure of 12 psi. The oven temperature was held at 120 °C for 1 min, followed by an increase of 3 °C/min to 195 °C and then held for 5 min. Peaks were identified by comparison with standards including saturated tetradecenyl acetate (14-OAc), Z5-14:OAc, Z7-14:OAc, Z8-14:OAc, and E11-14:OAc. For convenience the relative proportion of Z8-14:OAc in the pheromone gland was divided into 6 classes in 15% increments relative to the amount of Z8-14:OAc in the pheromone gland of purebred female P. octo. Some of the pheromone glands used for GC analyses were also re-used for desaturase expression analysis in order to examine the relationship between the proportion of the sex pheromone components and the level of expression of individual desaturases in the same pheromone glands.
Quantitative Real-Time RT-PCR Pheromone glands were dissected from 2-to 3-day-old virgin adult females from each of the purebred strains (P. excessana and P. octo) and female progeny of all crosses. Total RNA was extracted from single pheromone glands of 2-to 3-day-old virgin adult females and isolated using 800 µl of Trizol (Invitrogen, Carlsbad, CA, USA). After DNase treatment (DNaseI amplification grade, Invitrogen), the cDNA synthesis was carried out using the iScript cDNA Synthesis Kit (Bio-Rad) from 100 ng of total RNA, and incubated at 25 °C for 5 min, followed by 42 °C for 30 min and 85 °C for 5 min. The expression of the desaturases, desat1, desat5, and desat6, relative to actin and elongation factor 1α was determined by quantitative real-time RT-PCR (qPCR) using primers described by Albre et al. (2012) (Livak and Schmittgen 2001; Pfaffl 2006) . The amplification efficiency and the Cycle Threshold values were calculated for each reaction using the LinRegPCRv11 software (Ramakers et al. 2003) . The geometric averaging of the reference gene expression levels was used to normalize the gene expression. The relative level of expression of desat5 in purebred female P. octo was used to calibrate levels of expression in the progeny of crosses. For convenience, the distribution of relative expressions of desat5 was arbitrarily divided into 6 classes of 15% increments relative to P. octo expression levels. Expression levels less than 30% those of P. octo were considered P. excessana-like (i.e. no expression). Segregation patterns of desat5 expression were tested for deviations from expected ratios using the χ 2 test.
Genomic DNA Analysis
Genomic DNA was extracted from whole insects using the QiaExtractor robot (Qiagen) following manufacturer's instructions. To investigate whether sequence variants within the desat5 gene cosegregate with expression levels of desat5, a 230-bp region of the desat5 promoter (−240 to −470 bp upstream of the start codon) was amplified using the primers Pd5PlaP1Fa (5'-AGGCCATTTTTGATCCTGGT-3') and octoBm (5'-CGCTTCAGCAAAGATGAGATAC-3'). To com pare promoter sequences between P. octo and P. excessana an 1148-bp region of the desat5 promoter was isolated by a combination of genome walking by PCR and examination of draft genomic scaffolds for P. octo. Potential transcription factor binding sites were identified using TFSEARCH Version 1.3 (Akiyama 1995) , Transcription Element Search System (TESS; Schug and Overton 1998) and Google.
Results
Interspecific crosses between P. octo and P. excessana were capable of producing viable offspring in both directions (P. excessana ♀ × P. octo ♂ and P. octo ♀ × P. excessana ♂), as were all subsequent parental F 1 backcrosses and F 2 crosses. However, the proportion of crosses producing fertile eggs varied among the crosses, with crosses to P. excessana ♂ more often producing fertile offspring compared with crosses to P. octo ♂ ( Table 1 ). The interspecific cross P. excessana ♀ × P. octo ♂ was particularly difficult, with only 3% of crosses producing fertile eggs. The relevance of many of the differences in egg fertility among the crosses is difficult to assess given that egg dumping of unfertilized eggs is common in these species. Larval development was consistent in all crosses, with roughly equal proportions of males and females developing from larva to pupa. About 10-20% of larvae per family in all crosses either died in the first 2 instars or failed to pupate. No difference in offspring size or viability compared with purebred adults was observed.
A survey of sex pheromone components within the pheromone glands of 111 females from F 1 , parental backcross and F 2 crosses was conducted using gas chromatography. Three patterns were typically observed: one corresponding to P. octo, composed of Z8-14:OAc and saturated 14:OAc; a second to P. excessana composed of Z5-14:OAc, Z7-14:OAc and saturated 14:OAc; and a third pattern composed mainly of saturated 14:OAc, with trace amounts of Z5-14:OAc, Z7-14:OAc and Z8-14:OAc (Figure 1 ). No pheromone gland Table 1 Crosses producing fertile eggs between Planotortrix octo (Po) and P. excessana (Pe)
Crosses producing fertile eggs (total # families) Po ♀ × Pe ♂ Crosses producing fertile eggs (total # families)
containing substantial amounts of all 3 mono-unsaturated components was ever observed. F 1 and all backcrosses to P. excessana produced females that produced very little, if any, Z8-14:OAc as part of their sex pheromone blend (Table 2) . Approximately 75% (n = 32) of the females produced a sex pheromone containing Z5-14:OAc and Z7-14:OAc at similar levels, whereas 25% (n = 10) appeared not to produce any unsaturated component at substantial levels. In contrast, none of the progeny females of F 1 backcrosses to P. octo produced a sex pheromone containing Z5-14:OAc and Z7-14:OAc. Between 45% (n = 10, P. octo female backcrosses) and 36% (n = 8, P. octo male backcrosses) produced a sex pheromone consisting of Z8-14:OAc alone, whereas the remaining females (n = 12 and n = 14, respectively) appeared not to produce any unsaturated components. Finally, of the F 2 specimens, 23% (n = 5) produced a sex pheromone consisting of Z8-14:OAc and 14% (n = 3) produced a sex pheromone containing a blend of Z5-14:OAc and Z7-14:OAc, whereas the remaining 64% (n = 14) appeared to produce only trace amounts of all 3 unsaturated sex pheromone components.
We then sought to investigate the relationship between the presence of the 3 pheromone components, Z5-14:OAc, Z7-14:OAc, and Z8-14:OAc, and the expression of the desaturase genes, desat1, desat5, and desat6. From the pheromone glands of 9 females (including purebred and females from various crosses) we were able to assess both the levels of the 3 pheromone components and the expression of the 3 desaturase genes within the same individuals. The greatest level of Z8-14:OAc production was found in pheromone glands expressing the highest levels of the Δ10-desaturase gene, desat5 (r 2 = 0.69, P = 0.006; Figure 2A ). However, no relationship was observed between the amounts of Z7-14:OAc and Z5-14:OAc and the levels of expression of the 2 Δ9-desaturase genes, desat1 and desat6, respectively (r 2 = 0.13, P = 0.338; r 2 = 0.08, P = 0.460; Figure 2B ,C). No other significant correlations were found between the expression of any of the desaturase genes and amounts of the components, except that the levels of desat5 were negatively correlated with the amount of Z7-14:OAc (r 2 = 0.45, P = 0.046).
Next we assessed expression levels of desat5 within the pheromone glands of F 1 , F 1 parental backcross and F 2 females. The expression levels of desat5 varied considerably among the crosses (Figure 3 , Table 3 ). To help visualize this variation we grouped expression levels of desat5 into 6 classes relative to that found in the pheromone glands of purebred female P. octo (100%) and P. excessana (0%) in 15% increments. In all F 1 females, either from P. excessana ♀ × P. octo ♂ or P. octo ♀ × P. excessana ♂, desat5 was expressed at <30% those observed in P. octo, similar to that found in female P. excessana or any F 1 backcrosses to P. excessana. In F 1 backcross progeny females to P. octo originating from the P. octo ♀ × P. excessana ♂ F 1 cross ( Figure 3A) , the levels of desat5 clearly segregate into high-and low-expression groups, whereas segregation is less clear in the progeny of F 1 backcross originating from the P. excessana ♀ × P. octo ♂ F 1 cross with progeny showing a continous range of expression of desat5. F 2 progeny from both initial F 1 crosses displayed a majority of low desat5 expressing phenotypes with a lower frequency of higher expressors varying almost continously across the range.
To analyze these data for fit to mendelian expectations we compared observed segregation patterns with those expected for 3:1, 2:1, 1:1, 1:2, and 1:3 ratios and tested for deviations using χ 2 goodness-of-fit tests (Table 3 ). As such we defined P. excessana-like expression levels of desat5 at <30% those observed in P. octo. Using this cutoff, 49% of females from backcrosses to P. octo express substantial levels of desat5 within their pheromone glands, which is significantly different from a 2:1 and 1:2 but not a 1:1 ratio. However, in the case of paternal backcrosses to P. octo, the proportion of females expressing desat5 is dependent on the We arbitrarily considered those females expressing desat5 at relative levels less than 30% those of P. octo as not expressing desat5 and those expressing levels of desat5 at levels over 30% that of P. octo as expressing the gene.
maternal F 1 , with 67% females from backcrosses to P. octo ♀ × P. excessana ♂ F 1 hybrids expressing desat5, and 32% when the backcrosses are generated from P. excessana ♀ × P. octo ♂ F 1 hybrids. In both cases, the observed segregation ratios are (just) not significantly from a 1:1 ratio (P = 0.06-0.08) but are also not significantly different from the 3:1 or 1:3 ratios, depending on whether the maternal F 1 were generated from either P. octo ♀ × P. excessana ♂ or P. excessana ♀ × P. octo ♂, respectively. Although less marked, a similar tendency can be observed with maternal backcrosses to P. octo. In both cases, the ratios are not significantly different from the 1:1 ratio and also not significantly different from a 3:1 (F 1 = P. octo ♀ × P. excessana ♂) or 1:3 (F 1 = P. excessana ♀ × P. octo ♂) ratio. For F 2 crosses, an average of 19% of the females expressed desat5 in the pheromone gland at 30% or more of P. octo levels. This ratio is not significantly different from a 1:3 (P = 0.13) ratio. Therefore, the ratio of desat5 expressing individuals is also dependent on the direction of the F 1 cross, with 11% of F 2 females expressing desat5 when the parents are generated from P. excessana ♀ × P. octo ♂ F 1 hybrids, which is not significantly different from a 1:4 ratio (P = 0.08). In the other direction, 27% of the F 2 females express the desat5 gene when the parents are generated from P. octo ♀ × P. excessana ♂ F 1 hybrids, which is not significantly different from a 1:3 (P = 0.77) ratio. To check the robustness of these results, we also conducted a nonparametric goodness-of-fit using the Kolmogorov-Smirnov test. Over the range of sample sizes used in our study this test had less power to detect differences from mendelian expectations compared with the χ 2 test. The segregation ratio of the F 1 backcrosses to P. octo remained not significantly different to a 1:1 ratio under the Kolmogorov-Smirnov test (Supplementary Material online). We also checked to see whether altering the arbitrary 30% of P. octo desat5 expression cutoff had any impact on the χ 2 test results. The 0.06 P value for the (P. excessana ♀ × P. octo ♂)♀ × P. octo ♂ backcross is stable to changing the cutoff to either 20% or 40%. However, the 0.08 P value for the (P. octo ♀ × P. excessana ♂)♀ × P. octo ♂ is less stable, becoming significant with a 20% cutoff (P = 0.002), but less significant with a 40% cutoff (P = 0.564). All other results from the tests for goodness-of-fit to 1:2, 1:3, 2:1 and 3:1 ratios for the (P. excessana ♀ × P. octo ♂)♀ × P. octo ♂ F 1 backcross remained unchanged at 20% and 40% cutoffs in terms of whether they were significant or not (data not shown). The other F 1 backcross ((P. octo ♀ × P. excessana ♂)♀ × P. octo ♂) was more sensitive to the cutoff used. However, the ratio of 1:2 was always supported irrespective of the cutoff (20%, 30% and 40%), whereas fit to other ratios varied depending on the cutoff (data not shown).
We then investigated patterns of segregation between sequence variation at desat5 (desat5 genotype) and expression levels of desat5 to find evidence for cis-regulation in 311 females from F 1 parental backcrosses and F 2 crosses. First, we sequenced a 230-bp region within the promoter of desat5 in 67 individual female progeny of parental backcrosses and F 2 crosses generated from P. octo ♀ × P. excessana ♂ F 1 parents. Three distinct genotypes were observed, corresponding to purebred P. octo, purebred P. excessana and hybrids. From cDNA of the pheromone glands of the same individuals, we also performed qPCR to characterize the level of expression of desat5. Interestingly, we noticed that the high resolution melt curve of the 109-bp desat5 qPCR amplicon was also informative of the desat5 genotype, corresponding perfectly to the promoter genotypes obtained above. High resolution melt analysis produced single peaks for purebred specimens, with distinct melting temperatures for purebred P. octo and purebred P. excessana. In comparison, 2 peaks were observed for the high resolution melt curves of all hybrids, each peak corresponding to each promoter genotype. This allowed us to simultaneously establish the expression levels of desat5 and the desat5 genotype for the remaining 244 samples. Levels of desat5 expression in the female pheromone gland and the desat5 genotype showed some degree of cosegregation, with individuals that were homozygous for the P. excessana desat5 sequence type never expressing desat5 at levels above 30% of P. octo levels (Table 4) .
Finally, we investigated the promoter regions of desat5 from both P. octo and P. excessana to search of differences that might possibly be responsible for a cis-regulatory difference. An 1148-bp region upstream of the desat5 open reading frame was isolated and sequenced from both species. The promoter sequences are 96% identical, with only 33 substitutions, 1 4-bp deletion and 1 7-bp insertion in P. octo. No TATA or CAAT box was found in the typical positions upstream to the translation start (Supplementary Material online). We searched for evidence of whether any of these substitutions might impact the binding of transcription factors. Interestingly, the 7-bp insertion observed in P. octo (GCCCATT) corresponds to a sequence often described as an enhancer in Arabidopsis (Tatematsu et al. 2005 ) and in binding RNA-polymerase in yeast (Tanay et al. 2004 ).
Discussion
The Planotortrix species P. octo and P. excessana differ in the use of (Z)-tetradecenyl acetate components of their sex pheromone. Planotortrix excessana produces a blend of Z5-14:OAc and Z7-14:OAc, whereas P. octo uses almost exclusively Z8-14:OAc. This later compound is produced via Δ10-desaturation (Foster and Roelofs 1988) , by a desaturase encoded by the desat5 gene , which is downregulated in the pheromone gland of P. excessana compared with P. octo (Albre et al. 2012 ). Here we show that the levels of Z8-14:OAc are significantly correlated (r 2 = 0.69, P = 0.006) with the levels of expression of desat5 in the pheromone glands of females for which chemistry and gene expression analysis could be conducted on the pheromone glands from the same females (Figure 2 ). The regulation of desat5 is likely unpinning a major part of the pheromone differences between the sibling species P. octo and P. excessana. We were, however, unable to find any other associations between the expression levels of the Δ9-desaturase genes, desat1 and desat6, and the levels of Z5-14:OAc and Z7-14:OAc, suggesting another mechanism is likely at play to explain the differences in amounts of these compounds between the 2 species. It might be possible that structural mutations in desat1 are responsible, as there are 3/352 amino acids between the desat1 orthologues, whereas there are no amino acid differences between the predicted desat6 orthologues. Alternatively a mechanism linked to the production of Z8-14:OAc may explain the loss of Z5-14:OAc and Z7-14:OAc, as in backcross individuals we never found females that produced all 3 components at typical levels. Backcross progeny only ever produced Z8-14:OAc alone, Z5-14:OAc and Z7-14:OAc or only trace amounts of all 3 unsaturated components. In addition, it cannot be excluded that other enzymes acting downstream of the desaturases such as β-oxidases, fatty-acyl reductases, or acetyl transferases may be capable of affecting the final levels of Z5-14:OAc and Z7-14:OAc components.
Based on the strong association between the expression of desat5 and the levels of Z8-14:OAc, we chose to focus our research on the regulation of desat5. Using a classical genetic approach, we investigated the expression of desat5 in interspecific crosses and segregation patterns in subsequent F 1 parental backcrosses and F 2 crosses. We were particularly interested in whether a trans-acting factor or cis-regulatory change encodes the difference in the regulation of desat5 between the 2 species.
Whatever the direction of the interspecific cross, the F 1 hybrid females never expressed levels of desat5 in the pheromone gland >30% those found in P. octo (Figure 3 ), resembling female P. excessana in this regard. This lack of expression of desat5 in all F 1 females indicates the action of a trans-acting repressor present in P. excessana. Any other possibility (cis-acting activator from P. octo, cis-acting repressor from P. excessana or trans-acting activator from P. octo) would more likely result in at least some expression of desat5 in F 1 progeny. This conclusion is further supported by looking at the levels of desat5 in the pheromone glands of any F 1 backcross progeny to P. excessana. Again no females from any backcross to P. excessana in any direction expressed desat5, further supporting the case for a the presence of a desat5 repressor in P. excessana. Furthermore, no females from backcrosses to P. excessana contained Z8-14:OAc in their pheromone glands and all were P. excessana-like for their sex pheromone also. Because F 1 females are P. excessana-like and would attract male P. excessana, it is interesting to speculate whether this would have reinforced the separation of these species during speciation, reducing gene flow during the early stages of the speciation process.
For the progeny of F 1 backcrosses to P. octo and F 2 crosses, a range of expression levels of desat5 are observed. For the F 1 backcrosses to P. octo originating from P. octo ♀ × P. excessana ♂ F 1 progeny, clear segregation in the expression of desat5 is observed with simple gene models being a good fit to the data. The F 1 backcrosses to P. octo ♂ where P values are very close to being significant imply that more than 1 gene are likely involved, as does the more continuous range of expression levels of desat5 observed in F 1 backcrosses originating from the P. excessana ♀ × P. octo ♂ F 1 .
Assuming the arbitrary cutoff of <30% of P. octo desat5 levels, simple genetic models and their likely identity can be further explored. Certainly the major gene would be the trans-acting repressor. Informative F 1 backcrosses produce a ratio of expression of desat5 that is not significantly different from 1:1 and F 2 progeny produce a ratio of expression not significantly different from 1:3. Certainly, however, a simple single-gene model, while not able to be rejected, is not necessarily the best fit to the data. Rather than showing close to 50% segregation of expression of desat5 in informative F 1 backcrosses to P. octo, segregation varies considerably depending on the direction of the cross. The proportion of female progeny expressing desat5 from F 1 backcrosses to P. octo ♂ is 67% when the F 1 ♀ were generated from a P. octo ♀ × P. excessana ♂ cross, but 32% when they were generated from a P. excessana ♀ × P. octo ♂ cross. Also from the latter cross, 36% of the females produced Z8-14:OAc in their pheromone gland, close to the ratio observed expressing desat5. Smaller deviations from a 50% segregation are evident in backcrosses with female P. octo, with 45% of the females producing the Z8-14:OAc component, similar to the 40% of females expressing desat5 in their pheromone glands. Together these data point to a second genetic factor being involved. The factor either increases the repression of expression of desat5 in the P. excessana ♀ × P. octo ♂ backcrosses and/or increases the expression levels of desat5 in the P. octo ♀ × P. excessana ♂ backcrosses. Furthermore, in F 1 backcrosses of females to male P. octo (a nonrecombining cross) 2 types of segregation are observed with 2 families showing 67% of expression of desat5 and a third family showing the opposite with 33% of females expressing desat5 in their pheromone glands. A further possibility is that the 2 factors are linked. However, this is unlikely as the greater deviations from expectations are in the cross through the nonrecombining female gametes. In the F 2 crosses an average of 19% of the progeny females express desat5 in their pheromone gland. Again there are deviations depending upon the direction of the F 1 cross, with segregation increasing to 27% when the parents were generated from P. octo ♀ × P. excessana ♂ hybrids, and dropping to 11% when parents were generated from P. excessana ♀ × P. octo ♂ individuals. For the same cross 23% of the specimens produced Z8-14:OAc, which is significantly different from the ratio of 11% of specimens expressing desat5. These F 2 data also point to the involvement of a second genetic factor. By sequencing the promoter region of desat5 from both P. excessana and P. octo we uncovered an insertion/deletion (indel) over a predicted transcription factor binding site. The 7-bp insertion in P. octo (GCCCATT) corresponds to a sequence often described as an enhancer in Arabidopsis (Tatematsu et al. 2005 ) and in binding RNA-polymerase in yeast (Tanay et al. 2004) . Furthermore, the presence of this sequence is in the expected direction with the activator binding site insertion present in P. octo but absent in the nonexpressing P. excessana. Also desat5 sequences homozygous for the P. excessana-type never express desat5, suggesting a cis-linked element from P. octo is required (Table 4) . Although these observations are consistent for a potential role of the 7-bp indel in the expression differences observed for desat5, it cannot be excluded that another linked site is the causal variant. Experiments using reporter gene fusions in cell lines would be necessary to test the hypothesis that the 7-bp indel is the cis-regulatory element involved. Future experiments may also look to examine whether this indel is fixed or segregating in natural populations of these moths.
It is not likely that this GCCCATT sequence is the binding site of our proposed repressor as therefore we would expect some expression of desat5 in hybrids as half the females would lack the repressor binding site. More consistent would be that this sequence is the binding site of a desat5 activator that the repressor acts on (Figure 4) . This model is also consistent with the segregation ratios observed in the F 2 . A segregating dominant repressor and a recessive cis-regulatory mutation with respect to P. excessana should theoretically segregate 3:13 for the expression of desat5, or 18.75%, and we observed 19% expressing desat5 in the F 2 .
Such an hypothesis, where a promoter difference in a desaturase is involved in pheromone production, is reminiscent of those seen in desaturases from Drosophila. Within populations of D. melanogaster a 16-bp polymorphism in the promoter of the desat2 impacts expression resulting in differences in the proportion of heptacosadiene cuticular hydrocarbons (Dallerac et al. 2000; Takahashi et al. 2001; Greenberg et al. 2003) . Although there is little doubt that the polymorphism has a major affect of the cuticular hydrocarbons, whether this impacts mating between the genotypes and cold tolerance has been debated (Coyne and Elwyn 2006) . Differences in the expression of cuticular hydrocarbons between the sexes of various Drosophila species have been associated with polymorphisms in the desaturase F promoter within the doublesex binding site (Shirangi et al. 2009) . Together with the studies in pheromone desaturase evolution in moths, this body of work P. excessana suggests that regulatory differences in desaturase gene expression may be an important mode of pheromone evolution and perhaps speciation within insects. Finally, our data suggest the likely involvement of 2 genes underpinning the difference in pheromone production between P. octo and P. excessana, at least in these laboratory strains of these species. In the other lepidopteran systems that have been investigated, certainly more than a single genetic difference has been implicated. In the sister genus Ctenopseutis more than 1 gene has been implicated in the difference between C. obliquana and C. herana pheromone production (Foster et al. 1997) . Again the pheromone difference between these species is the presence of Z8-14:OAc and the regulation of desat5 (Albre et al. 2012 ). It will be interesting to see whether the same players may be involved in the differences in these species. However, at the outset, a repressor system seems unlikely in this genus, with hybrids between C. obliquana and C. herana being C. obliquana-like in terms of their pheromone producing both Z5-14:OAc and Z8-14:OAc. In Heliothis differences between the pheromones used by H. virescens and H. subflexa are controlled by a complex set of genes (Sheck et al. 2006; Groot et al. 2009 ). The finding of many genes involved in the Heliothis system is likely due to the multitude of sex pheromone components containing distinct functional groups used by these species. In Planotortrix identifying the factors involved, particularly the trans-acting transcriptional regulators, will be a compelling but worthy challenge if they are the secret to understanding pheromone evolution, species differences, and the speciation process in these systems.
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